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Abstract

This paper addresses an ancchoic chamber cvaluation
of a fiber-optic interferometric sensor (fiber-optic micro-
phone), which is being developed at NASA Ames Rescarch
Center for measurements of pressure fluctuations in wind
tunnels.

1 Background

Mcasurements of pressurc fluctuations in wind tunncl arc
subject to certain interference effects, which affect currently
existing transducer techniques. Such effects include wind
noise, flow-sensor interaction noise, and flow induced sen-
sor vibration. In an attcmpt to climinatc or minimizc these
interference effects, a program was undcrtaken at NASA
Ames Research Center to develop a new advanced trans-
ducer techniquel’2 using fiber-optic (FO) interferometric
sensors. This sensor technology, initially developed for
underwater acoustics,3‘5 offers a number of advantages:
high sensitivity, wide dynamic range, compact scnsor pack-
age, light weight, geometric versatility, tclemetry capabil-
ity, and high temperature tolerance. These advantages can
be utilized to solve the various noise problems that restrict
the usc of conventional transduccrs in wind tunncls or in
harsh environments. Furthcrmore, FO scnsors arc immunc
to electromagnetic intcrference.

2 Fiber-Optic Interferometric Sensor

The FO interferometric sensor utilizes the property that
light waves propagating through the optical fiber undergo
phase modulation when the fiber is exposed to external
fields such as pressure and temperature.” This phase mod-
ulation is interferometrically retrieved and processed to de-
termine the external ficlds. Frequently used for acous-
tic mcasurcments arc Mach Zchnder intcrfcromctry4'5 and
Michelson interfcromctry.7
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As the first phase of the advanced sensor program at
NASA Ames, the FO Mach Zehnder interferometry as dis-
played schematically in Fig. 1 was employed to develop and
fabricate an FO sensor. This sensor is composed of three
main clements: a laser with a pulse generator, two FO sen-
sor hcads, and the optical detector with signal procmsors.2
Preliminary test results demonstrated feasibility of this sen-
sor for aeroacoustic measurements. Extensive laboratory
tests are in progress for evaluation of acoustic character-
istics including acoustic sensitivity, dynamic range, fre-
quency response, antenna focusing, and airborne noise re-
jection capability. Preliminary test results were reported
in Ref. 2. Also reported were some additional data re-
garding this sensor, including the principle and the system
devclopment.

3  Test Setup

For an experimental evaluation of the FO sensor, one
sensor head was selected as the FO microphone, and its
responsc was measured relative to a Briiel & Kjaer (B&K)
condenscr microphone exposcd to the same acoustic ficld
in the Nationa] Full-Scale Acrodynamic Complex (NFAC)
Anechoic Chamber. The anechoic chamber shown schemat-
ically in Fig. 2 has the dimensions 7.6 x 5.5 x 4.0 m.
The polyurethane wedges create an ancchoic space of free
ficld with an unccrtainty of £0.5 dB for frequencies above
150 Hz. Potential floor grid reflections were prevented
by placing loose wedges between the loudspeaker and the
microphones.

The FO and reference B&K microphones were can-
tilcvered from the same strut of 2.5 cm diametcr, as shown
in Fig. 3. The two microphoncs were scparated by 10.2 cm
vertically, and their median height was approximately the
same as that of the loudspeaker center, which was 1.56 m
above the fioor grid. The loudspeaker was a 30.5 cm diam-
cter woofcr, positioned 3.25 m from the microphones and
aimed at them. The refcrence microphone was a 1.27 cm
diamcter B&K 4133 condenser microphone on which a
bullet-shaped nose cone was mounted in anticipation of
flow studies in the future.

The woofer was driven by a Hewlett-Packard (HP) 3562A
swept-sinc signal synchronized with the data analysis and
opcrated at frequencies between 100 Hz and 2 kHz for most
of the test. The system was set so that the woofer was
driven with a signal whose output started with 2 V rms at



100 Hz and decreased linearly to 1 V rms at 2 kHz. The
signal generation was consistent from run to run. The mi-
crophone signals were input to the two-channcl spectrum
analyzer (HP 3562A), which computed the power spectra
and the cross spectrum of the two microphone signals.
Tests were performed for various FO sensor heads dis-
played in Plates I and Il over the frequency range from
100 Hz to 2 kHz. Each scnsor head was madc of opti-
cal fibcr wound around a circular cylinder of styrofoam or
aluminum, or an aluminum pipe. The optical fiber was of
single mode and 8 m long. Some sensor heads were made
of the single mode fiber coated with acoustically sensitive
material. The frequency range was dictated by the elec-
tronic limitation of the demodulator, which is a signal pro-
cessing component of the FO sensor. The demodulator was
designed and fabricated by Litton for the Naval Research
Laboratory,5 and its frequency response is shown in Fig. 4.

4 Test Results

Of the various FO scnsor hcads tested, results arc pre-
sented for the following two cases: the first sensor head is
composed of the 8 m long coated single-mode fiber wound
around a circular cylinder of styrofoam. The cylinder was
6.4 cm long and 4.8 cm in diamcter, and the scnsing scg-
ment was 3.75 cm long. This scnsor hcad will be referred
to as Styrofoam FO microphone. The second sensor head
is composed of the 8 m long coated single-mode fiber

wound around an aerodynamically smooth aluminum body -

as shown in Platc 1I. This modecl is torpcdo-shaped with
circular cross-scction of 3.18 cm diamcter at the scasing
segment, which is 5 cm long. This scnsor hcad will be
referred to as Al-model FO microphone. The Styrofoam
FO sensor head demonstrated the best performance of all
the sensor heads tested, but is not suited for wind tunncl
application without design revisions. The Al-modcl scnsor
hcad is the best suited for wind tunncl applications.

The results will be presented in terms of three parametric
functions: frequency response function, power spectra, and
noise floor. The frequency response function is evaluated
by mecans of the transfer function,® which is dcfincd as

H = — 1
fo(f) e ¢))
Here Gy, is the acoustic power spectrum of the B&K mi-
crophone signal, and G fb is the cross spectrum of the two
signals. On the assumption of uniform frequency responsc
of the B&K microphone, its signal spectrum is regarded as
a faithful representation of the acoustic source field. The
frequency response function of an FO microphone is then
obtaincd as the transfer function H 7(f) with its magnitude
being the gain factor over the B&K microphonc signal.
The frequency responsc function is the most important
parameter for evaluation of the FO microphones. As de-
fined in Eq. (1), it provides a systematic comparison of the
FO microphone performance with the reference B&K mi-
crophone, and docs not decpend on acoustic source ficld

2

spectrum. The power spectra will yield information on
the frequency dependence of the source fields, but provide
rather a superficial comparison of the two microphone per-
formances. The noise floor will provide information on the
signal-to-noisc ratio of the microphones. :

Displayed in Fig. 5 is the frequency response function of
the Styrofoam FO microphone. Its magnitude, as displayed
as the gain factor in Part a, is stable with a fluctuation of
less than £1.5 dB around the average valuc. The average
valuc is 30 dB at low frequencics, and dccreascs by about
2 dB as the frequency reaches 2 kHz. This decrease is
caused by the demodulator gain factor as shown in Fig. 4a.
The sharp deviation from the average appears at two fre-
quencics, 180 Hz and 300 Hz. This deviation is, as we
belicve, due to contaminated measurcments by the refer-
ence B&K microphone. As can be seen from the display
in Fig. 9¢, the B& K microphone yields spurious signal out-
puts which are almost 40 dB above the noise floor at the
frequency 60 Hz and at its harmonics, 180 Hz and 300 Hz.
These signals were apparcently generated electronically by
the AC power of 60 Hz.

The phase, as displayed in Part b, decreases almost lin-
early with increasing frequency at a rate of 0.16 degree/Hz.
This phasc is nonc other than the phase difference between
acoustic ficlds mcasurcd by the two microphones plus the
clectronic phase of the instrumentation. The clectronic
phase, which is controlled solely by the demodulator in the
present study, also decreases at a rate of 0.16 degree/Hz as
seen from Fig. 4b. The phase difference between the acous-
tic ficlds measured by the two microphoncs is then constant
over the entire cvaluation frequency range, and this finding
warrants that there exists an excellent correlation between
the two measurements, and confirms the validity of the gain
factor in Part a.

Displayed in Fig. 6 arc power spectra of the acoustic
signals dctccted by the Styrofoam FO and the B&K mi-
crophoncs. The output of the microphones was the root
mean squared value of the electric voltage. A scale fac-
tor 20 dB was used to convert the output voltage to the
pressure level. An additional adjustment was made for the
FO microphone by subtracting the gain factor 30 dB so
that both microphones read approximately the same aver-
age level. Note that the net adjustment from the electric
voltage output to the pressure level reading was —-10 dB
for the FO microphone. Fairly good agreement is shown
between the performances of the two microphones except
at frequencies 180 Hz and 300 Hz, where the B&K mi-
crophone measurements were contaminated by the electric
power oscillation as discussed earlier. Besides these spu-
rious signals, the spectral shape of the B&K microphone
mcasurcment is the same as that of the acoustic source field
as long as this microphonc frcquency response is uniform
as assumcd. The FO microphonc measurcment shows fluc-
tuations around the average with the amplitude less than
+1.5 dB.



Displayed in Fig. 7 is the frequency response function
of the Al-model FO microphone. The gain factor, as dis-
played in Part a, fluctuates around the average valuc with
the amplitude 3 to 5 dB. The average is 20 dB at low
frequencies and gradually decreases to 13 dB at 2 kHz.
When compared with the result in Fig. 5a, this FO mi-
crophone is less sensitive than the Styrofoam FO micro-
phone. The difference varics from 10 dB at low frequen-
cies to 15 dB ncar 2 kHz. The phasc, as displaycd in
Part b, is fairly stable and lincarly decreases at a ratc of
0.17 degree/Hz. Accounting for the electronic phase de-
crease, the phase difference between the acoustic fields
measured by the two microphones in this case changes at
a ratc of 0.01 degrec/Hz. This phasc stability warrants that
there exists a good corrclation between the acoustic ficld
measurements by the Al-model FO and the B&K micro-
phones and thus confirms the validity of the gain factor in
Part a.

Displayed in Fig. 8 are power spectra of the acoustic
signals detected by the Al-Model FO and thc B&K micro-
phones. The output of the B&K microphone was converted
from the electric voltage to the pressure level by moving
the curve upward by 20 dB. The FO microphone output was
moved upward by 3 dB as its average gain factor is about
17 dB at 1 kHz. The FO microphonc mecasurement fluctu-
ates around the average with the amplitude varying from 3
to 5 dB. The average appears to be in good agreement with
the B&K microphone measurements.

Displayed in Fig. 9 is the noise floor of the two FO
microphones in Parts a and b, and of thc B&K micro-
phone in Part c. A single-tone noisc source of 700 Hz was
present during the measurements, and its output signals are
marked with a circle. The noise floor is flat for all three
microphones for frequencies from 200 Hz to 2 kHz. For
frequencics below 200 Hz, the NFAC Ancchoic chamber
is not well insulatcd. The scalc of thc noisc floor was
adjusted to read the same pressurc level of the 700 Hz
single-tone source field. The noise floor is about the sume
for the Styrofoam FO and the B&K microphones with the
signal-to-noise ratio of 32 or 33 dB. The noisc floor of the
Al — Model FO microphonc is higher than the other two
by 12 to 13 dB, corrcsponding to the signal-to-noisc ratio
of 20 dB. This difference is expected as the acoustic sensi-
tivity of the Al — Model FO microphone is lower than the
Styrofoam FO microphone by 10 to 15 dB. As displayed
in Part ¢, the B&K microphonc output contains spurious
single-tonc signals at 60 Hz and then at cvery increment of
120 Hz. As discussed earlier, these signals were electroni-
cally generated by the AC power.

The performance of the Styrofoam F'O microphone is
comparable to the reference B&K microphone. However,
this FO microphone is not suitcd for wind tunncl testing
without design modifications. The Al — Model FO did
not perform as well as the other microphones mainly in
two aspects as follows: First, its acoustic sensitivity was
lower by 10 to 15 dB, affording the smaller signal-to-noisc

ratio. Second, the frequency dependence of its gain fac-
tor fluctuates excessively with the amplitude varying 3 to
5 dB. This fluctuation is a form of noisc which may have
been generated by optical phase fluctuation randomly de-
pending on the acoustic frequency. Further investigation
is required to account for such noise. Nevertheless, we
believe that such noise can be reduced with an improved
design of the delay fiber as well as the sensing fiber. With
the optical phase fluctuation removed, the signal-to-noise
ratio can be enhanced by 6 to 8 dB. Further improvement
can be achieved with improved design of the demodulator.

The sensitivity difference between the two FO micro-
phones is due to the styrofoam cylinder. It is acoustically
compliant so that, when exposed to the acoustic ficld, the
axial strain may be induced on the optical fiber wound
around it. The 10 dB difference in sensitivity indicates
that this styrofoam-induced strain is the dominant factor for
the optical phase modulation of the styrofoam FO sensor,
whercas the clasticity of the fiber coatings is the principal
factor which allows pressure fluctuations to induce strains
radially as well as axially for the Al-Model FO microphone.
Despite its shortcomings, the Al-Model FO microphone is
preferred as it is better suited for wind tunnel applications,
and its performance can be improved as alluded to carlier.

5 Concluding Remarks and Future Efforts

The preliminary evaluation demonstrates successfully that
the FO interferometric sensor can be used as aeroacoustic
scnsors. With the advantages described carlier, the FO in-
terferometric scnsor array may provide a powerful instru-
ment to solve complex acoustic measurcment problems in
wind tunnels.

Proper evaluation of performance of the FO interfero-
metric scnsors requires further tests in an ancchoic cham-
ber as well as in a wind tunncl, with revised designs and
improved packaging of scnsor heads. New demodulators
will be designed to accommodate frequencies up to 10 kHz,
and multiple sensor heads will be developed to improve the
signal-to-noise ratio as displayed schematically in Fig. 10.
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Fiber-optic Mach Zehnder interferometry for acoustic sensors.
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Fig. 2 Plan view of NFAC Anechoic Chamber.
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Fig. 10 Design of various sensor heads for wind tunnel applications.



Plate | Sensor heads made of specialty single mode fiber wound around aluminium pipes or circular cylinders of styrofoam.

Plate 11 Aluminum-model fiber-optic microphonc—sensor head made of specialty single mode fiber wound around
aerodynamically smooth body of aluminum.
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